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Bergbau-Forschung has been developing a coal gasification process for a 
number of years. In this process heat from a high-temperature, gas-cooled 
nuclear reactor is used as a source of energy for the endothermic steam-carbon 
reaction (1). All of the coal is thus converted to gas which is a real advantage 
in countries where the cost of coal is high such as is the case in the Federal 
Republic of Germany. 

As part of the development work on this process, the reaction of several 
different coal samples with steam, hydrogen and steam-hydrogen mixtures has been 
investigated extensively in the laboratory. The objective of this work is to 
develop information needed to design the gasifier used to carry out steam 
gasifiction of coal, particularly when hydrogen is present in the system. The 
results of this investigation with one particular coal, a hard or bituminous 
coal, is discussed here. During the course of the investigation, samples of this 
coal were gasified at various steam and hydrogen partial pressures in both pure 
gases and in steam-hydrogen mixtures. The total system pressure was varied 
between 1 and 70 atm and runs were conducted over a range of temperatures from 
600 to  1100°C. 

Apparatus and Procedure 

The experimental apparatus has been described previously ( 2 ) .  The coal 
sample was gasified in a small packed bed reactor that essentially behaved as a 
differential reactor (Fig. 1). Both isothermal and non-isothermal runs were 
conducted. During the isothermal runs, the system was heated to the desired 
temperature using a heating rate of about 200"C/min. The temperature was then 
held constant. During the non-isothermal runs, the temperature of the system was 
increased at a constant rate of lO"C/min. 

The gasification agent, namely steam, hydrogen or a mixture of both, was 
fed continuously to the system at a high rate so that the product gas concentration 
remained small. The products of the reaction were analysed continuously by a 
mass spectrometer. 
type A for gasification with steam and type B for gasification using steam-gas 
mixtures. 

The apparatus was designed for two different modes of operation, 

The coal used was a German bituminous coal, Hagen coal. Analytical data for 
this coal are shown in Table 1. 

Calculational Procedure 

The gas analyses from the mass spectrometer were processed directly by a 
laboratory computer and the carbon conversion was calculated from the amounts of 
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CH4, CO and C 0 2  i n  the product gas.  
were determined f o r  each of t he  g a s i f i c a t i o n  agents  using the  following rate 
expression: 

Kine t ic  cons tan ts  f o r  t he  gas i f i ca t ion  r a t e  

where XB = base carbon conversion as defined by Johnson (3)  
t = t i m e  
k = k ine t i c  cons tan t  

Several  o the r  r a t e  expressions were evaluated inc luding  the  one suggested by 
Johnson ( 3 ) .  Each of these  expressions included an  add i t iona l  term t o  t r y  t o  
account f o r  t he  decrease of r eac t ion  rate with carbon burn-off. However, none 
of the  expressions f i t  t he  d a t a  any b e t t e r  than equation 1, s o  only the  k ine t i c  
constants fo r  t h i s  r a t e  expression are reported here.  

Resul t s  and Discussion 

Steam gas i f i ca t ion  

agent ,  with the  temperature of t he  sample being ra i sed  from about 200 t o  llOO°C 
using a cons tan t  heating r a t e .  
10 a t m  and 2 a t  40 a t m .  The main components of t h e  product gas were Hg, CO and 
C02 a s  previously observed (2). 
and the  gas composition w a s  no t  g r e a t l y  a f f ec t ed  by the  t o t a l  pressure.  

Only non-isothermal runs were conducted with steam as the  gas i f i ca t ion  

Five steam g a s i f i c a t i o n  runs were made, 3 a t  

Small amounts of methane a l so  were produced, 

Since the  e f f e c t s  of coa l  d e v o l a t i l i z a t i o n  on the  product gas r a t e  and 
composition were important up t o  temperatures between 600 and 700"C, o n l y  the  
d a t a  above 70OoC were analyzed t o  ob ta in  k i n e t i c  cons tan ts .  This w a s  done by 
f i t t i n g  t h e  in tegra ted  form of equation 1 t o  the  base carbon conversion-time 
d a t a  assuming t h a t  the  Arrhenius equation described the  e f f e c t  of temperature on 
k. Values of t h e  frequency fac tor ,ko ,  and a c t i v a t i o n  energy, E ,  w e r e  therefore  
ca lcu la ted  from t h i s  procedure. These desc r ibe  the  t o t a l  rate of base carbon 
conversion i n  the  r eac to r .  I f  i t  is assumed t h a t  the  carbon dioxide is produced 
v i a  the  gas-phase water gas s h i f t  r eac t ion ,  then these parameters descr ibe  the  
r a t e  of t h e  carbon-steam reac t ion .  However, t he re  was no evidence t o  ind ica t e  
t h a t  t h i s  was t h e  t r u e  r eac t ion  sequence. 

The f i t  of equation 1 t o  the  carbon conversion da ta  was exce l l en t ,  as was 
t rue  of any of the equations used, and a co r re l a t ion  coe f f i c i en t  g rea t e r  than 
0.99 was obtained f o r  each run. 
used are shown i n  Table 2. 

Table 2 .  

Average va lues  of ko and E f o r  t he  two pressures  

Kine t ic  parameters f o r  steam g a s i f i c a t i o n  of Hagen coa l .  

Pressure,  atm ko, l lmin  E,  kcal/mol 

10 
40 

4 3 . 8  x 10 
1 . 3  103 

32 .0  
2 3 . 0  

Examination of the  k i n e t i c  parameters shown i n  Table 2 i nd ica t e s  t h a t  steam 
pressure a f f e c t s  the  gas i f i ca t ion  r a t e .  The k i n e t i c  cons tan t  f o r  steam gas i f ica-  
t i o n ,  kHZ0, was re la ted  t o  both steam pressure  and temperature by t he  following 
equation. 
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4 1.88 x l o 6  exp ( - 2 . 2 4  x 10 /T)PH~o 

1 + 1.56 x lo5 exp (-1.65 x 10 /T)PH O )  
4 kH20 
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Several runs were made with hagen coa l  a t  pressures l e s s  than 10  atm. 
Results from these runs were not adequately described by equation 2 ,  with the 
ind ica t ion  being tha t  t he  steam pressure  had only a small  e f f e c t  on gas i f i ca t ion  
r a t e  a t  pressures l e s s  than 10  a t m .  

Hydrogasification 

i n  th ree  s tages ,  devo la t i l i za t ion ,  rap id- ra te  methane formationand low-rate 
gas i f i ca t ion .  
devo la t i l i za t ion  and rap id- ra te  methane formation occur r ap id ly  and toge ther ,  
and are followed by low-rate gas i f i ca t ion  ( 3 ) .  Below 800"C, rap id- ra te  methane 
formation i s  slower and occurs over an extended period of t i m e  and is therefore  
more d i f f i c u l t  t o  separa te  from the  low-rate gas i f i ca t ion  per iod .  Resul t s  from 
the  gas i f i ca t ion  of Hagen coa l  with hydrogen qua l i t a t ive ly  f i t t e d  t h i s  descr ip t ion  
of hydrogasification. 
a series of isothermal experiments were conducted a t  10 and 70 a t m  and a t  tempera- 
t u re s  between 600 and 1150'C. Because of the  i n i t i a l  hea t ing  period, i t  was 
d i f f i c u l t  t o  draw conclusions about t he  period of rapid-ratemethane formation. 
However t h i s  period l a s t e d  f o r  l e s s  than 15  minutes once the  sample reached the  
reac t ion  temperature and therefore  da t a  taken a f t e r  t h i s  period w e r e  used along 
with equation 1 t o  determine k ine t i c  cons tan ts  for  low-rate hydrogas i f ica t ion .  
The product gas w a s  genera l ly  pure methane during t h i s  period, i nd ica t ing  t h a t  
the  only reac t ion  taking place i n  the  system w a s  t h a t  between C and H 2  t o  form 
CH4. 
below, the  product gas contained some CO.  

There seems t o  be general  agreement t h a t  hydrogas i f ica t ion  of coa l  occurs 

I f  the coa l  sample i s  heated rap id ly  t o  temperatures above 8OO0C, 

To determine the  rate of hydrogas i f ica t ion  of Hagen coa l ,  

I n  a few of the  runs ,  p a r t i c u l a r l y  a t  10 a t m  and temperatures of 70OoC o r  

The co r re l a t ion  coe f f i c i en t s  obtained with equation 1 were again g rea t e r  
than 0.99 for  a l l  runs. The gas i f i ca t ion  r a t e  seemed t o  decrease s l i g h t l y  with 
increas ing  carbon conversion, bu t  equation 1 s t i l l  represented the  d a t a  a s  wel l  
as any of the equations t r i e d .  
were derived from the  va lues  of the  k i n e t i c  cons tan ts  and are shown i n  Table 3 .  

Table 3 .  Kinetic parameters f o r  hydrogas i f ica t ion  of Hagen coa l .  

Values of ko and E f o r  the  two pressures  used 

E, kcal/mol Correlation 
coef f . Pressure,  atm No. of runs ko, l /min 

10  10 1 . 2 8  15.6 -0.987 
70 1 4  3 2 . 1  17.8 -0.978 
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The hydrogen pressure  s t rongly  a f f e c t s  t he  hydrogas i f ica t ion  ra te .  The 
e f f e c t  of temperature and pressure  were co r re l a t ed  using equation 3, which i s  
s imi la r  i n  form t o  equations suggested by seve ra l  o ther  i nves t iga to r s  (3 ,4) .  

0.00402 exp (-5200/T)P2 
H, 

kHz = 1 + 0.00648 exp (4100/T);H 
2 

3) 

Gas i f ica t ion  with Steam -H3 Mixtures 

fo r  steam gas i f i ca t ion ,  a series of isothermal runs w a s  ca r r i ed  out  over the  
temperature range from 700 t o  1100°C. Tota l  p ressures  of 10  and 40 a t m  were 
used, with hydrogen p a r t i a l  p ressures  between 1 . 7  and 32 a t m .  

To determine the e f f e c t  of hydrogen p a r t i a l  p ressure  on t h e  r a t e  cons tan t  

Equation 1 w a s  aga in  used t o  determine k i n e t i c  cons tan ts  from the  base 
carbon conversion-time da ta .  Data taken during the  run  a f t e r  t he  f i r s t  15 minutes 
a t  temperature were used i n  the  ca l cu la t ions  so a s  t o  avoid t h e  e f f e c t  o f  the  
rap id- ra te  methanation period. Corre la t ion  coe f f i c i en t s  g rea t e r  than 0.99 were 
obtained f o r  a l l  runs. 

Several  i nves t iga to r s  have t r ea t ed  the  k i n e t i c  da t a  from coa l  gas i f i ca t ion  
with H2-H20 mixtures by assuming t h a t  t h ree  bas i c  r eac t ions  were occuring (3,5,6).  
However, t o  s impl i fy  the  ca l cu la t iona l  procedure, i t  was assumed t h a t  t h e  only 
reac t ions  occurring with Hagen coa l  were the  two t h a t  would occur i n  e i t h e r  pure 
steam o r  hydrogen. The ra te  of steam gas i f i ca t ion  i n  the  H2-H20 mixture,  then, 
assuming t h a t  t he  r a t e  of hydrogas i f ica t ion  is independent of steam p a r t i a l  
pressure,  w a s  t he  d i f f e rence  between the  measured r a t e  cons tan t  and the  r a t e  
constant f o r  the  carbon-hydrogen r eac t ion  under the  same opera t ing  condi t ions .  
The l a t t e r  w a s  ca lcu la ted  from equation 3 and w a s  genera l ly  less than 10% of the  
measured rate cons tan t .  

The da ta  taken a t  va r ious  hydrogen and steam p a r t i a l  p ressures  and a t  800 
and 900°C were examined and t h e  following equation was derived t o  descr ibe  the  
e f f e c t s  of temperature and the  p a r t i a l  p ressure  of each gas.  

4 1.88 x l o 6  exp ( - 2 . 2 4  x 10  /T )PH~O 

5 4 (1 + 1.56 x 10  exp (-1.65 x 10 /T)P  + 3620 exp (-9830/T)PH ) 4) k ~ 2 - ~ 2 ~  - 
H2° 2 

Temperature has the l a r g e s t  e f f e c t  on the gas i f i ca t ion  r a t e  i n  s t e a m -  
hydrogen mixtures.  
pressure are ignored, t h e  k i n e t i c  cons tan ts  can be f i t t e d  with the  Arrhenius 
equation with a co r re l a t ion  coe f f i c i en t  of -0.904. The r e s u l t i n g  ac t iva t ion  
energy i s  33,400 cal/mol and t h e  frequency f ac to r  is 2.51 x l o 4  l /min. 

In f a c t ,  i f  t h e  e f f e c t  of steam and hydrogen p a r t i a l  

Conclusions 

The rate of g a s i f i c a t i o n  of a bituminous coa l  sample i n  steam, hydrogen and 
steam-hydrogen mixtures has been measured and the  r a t e s  co r re l a t ed  by assuming 
t h a t  the base  carbon conversion r a t e  was proportional t o  t h e  amount of base carbon 
present.  Expressions were then found to descr ibe  the  e f f e c t s  of temperature and 
steam and hydrogen p a r t i a l  p ressures  on t h e  r a t e  constants fo r  t he  steam-carbon 
and hydrogen-carbon reac t ions .  
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Table 1. Coal ana lyses .  

Hagen 

Proximate ana lys i s ,  w t . %  

Vo la t i l e  Matter (maf) 

Mo is  t ur e 

Ash (mf) 

3 9 . 2  

3 . 7  

6 . 3  

Ultimate ana lys i s ,  w t . %  

Carbon (maf) 82.0 

Hydrogen (maf) 5.0 

Oxygen (maf) 8.2 

Nitrogen (maf) 1 .5  

Sulfur  (mf) 2 . 7  

Figure 1. Experimental Apparatus. 
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S t e a m  g a s i f i c a t i o n  o f  coal i n  a n  i n t e r n a l l y  h e a t e d  f l u i d i z e d  b e d  

P . P .  F e i s t e l ,  K .  H .  v a n  Heek,  a n d  H .  J u n t g e n  
Bergbau-Forchung CmbH, 4300 Essen 1, Germany 

A b s t r a c t  

A p r o c e s s  i s  b e i n g  d e v e l o p e d  f o r  t h e  s t e a m  g a s i f i c a t i o n  o f  coa l  
u s i n g  h e a t  f r o m  a h i g h  t e m p e r a t u r e ,  g a s  c o o l e d  n u c l e a r  reactor .  
To produce t h e  i n f o r m a t i o n  n e e d e d  t o  d e s i g n  s u c h  a s y s t e m ,  a 
1 0  c m  d i a m e t e r ,  i n t e r n a l l y  heated f l u i d i z e d  b e d  w a s  c o n s t r u c t e d  a n d  

h a s  been  i n  o p e r a t i o n  f o r  s e v e r a l  y e a r s .  A v a r i e t y  o f  coals 
h a v e  been g a s i f i e d  w i t h  s t e a m  i n  t h i s  d e v i c e  a t  p r e s s u r e s  u p  t o  
4 0  b a r  a n d  t e m p e r a t u r e s  b e t w e e n  100 a n d  9 0 0  OC. 

Gas c o m p o s i t i o n s ,  g a s  y i e l d s ,  h e a t s  o f  r e a c t i o n  a n d  steam decom- 

p o s i t i o n s  h a v e  b e e n  d e t e r m i n e d  i n  t h e  f l u i d i z e d  bed  as a f u n c t i o n  

o f  t h e  o p e r a t i n g  c o n d i t i o n s .  C a r b o n  g a s i f i c a t i o n  ra tes  h a v e  b e e n  

d e r i v e d  f r o m  t h i s  d a t a  a n d  t h e  v a r i a t i o n  i n  g a s  c o m p o s i t i o n  h a s  

b e e n  c o r r e l a t e d  u s i n g  " t e m p e r a t u r e  a p p r o a c h "  f u n c t i o n s .  The e f f e c t  

o f  t h e  o p e r a t i n g  c o n d i t i o n s  o n  f l u i d i z e d  b e d  d e n s i t y  a n d  h e a t  

t r a n s f e r  c o e f f i c i e n t  a l so  h a s  b e e n  i n v e s t i g a t e d .  

1 .  G e n e r a l  c o n s i d e r a t i o n s  t o  a n  a l l o t h e r m a l  p r o c e s s  

B e r g b a u - F o r s c h u n g  GmbH E s s e n  d e v e l o p s  a p r o c e s s  f o r  steam g a s i f i -  

c a t i o n  o f  coal b y  u s i n g  p r o c e s s  h e a t  f rom h i g h  t e m p e r a t u r e  n u c l e a r  

reactors .  T h i s  r e q u i r e s  r e s e a r c h  a n d  d e v e l o p m e n t  i n  t h e  f i e l d  o f  

a l l o t h e r m a l  g a s  g e n e r a t o r s .  The  e n v i s a g e d  a l l o t h e r m a l  g a s  g e n e r a t o r  

i s  h e a t e d  by  a n  i n t e r n a l l y  moun ted  b u n d l e  o f  h e a t  e x c h a n g i n g  

t u b e s  wh ich  are  f l o w n  t h r o u g h  by t h e  g a s e o u s  reactor c o o l a n t  

h e l i u m  . A s  t h e  h e l i u m  p r e s s u r e  a m o u n t s  t o  4 0  b a r  t h e  steam 
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g a s i f i c a t i o n  i s  p e r f o r m e d  a t  t h e  same p r e s s u r e .  T o  a t t a i n  

good h e a t  t r a n s f e r  t h e  h e a t  e x c h a n g e r  i s  l o c a t e d  w i t h i n  a 
f l u i d i z e d  b e d  o f  coal  a n d  steam { 1 , 2 , 3 ) .  The coal t h r o u g h p u t  

o f  s u c h  a n  a l l o t h e r m a l  g a s  g e n e r a t o r  i s  d e t e r m i n e d  by  t h e  

h e a t  b a l a n c e  ( f i g .  1 ) .  F o r  a f i r s t  e v a l u a t i o n  o f  t h e  h e a t  

b a l a n c e  a s s u m p t i o n s  had t o  be  made c o n c e r n i n g  

- t h e  r e a c t i o n  h e a t  and  i t s  d e p e n d e n c e  o n  g a s  a n a l y s  

- t h e  k i n e t i c  c o n s t a n t s  o f  d i f f e r e n t  f e e d s t o c k s  I 4 , 5  

s ,  

6 )  I 

- t h e  h e a t  t r a n s f e r  f r o m  t h e  h e a t  e x c h a n g e r  i n t o  t h e  f l u i d i z e d  

b e d ,  and  

- t h e  d e n s i t y  o f  t h e  f l u i d i z e d  bed a t  h i g h  t e m p e r a t u r e s  and 

p r e s s u r e s .  

I n  t h e  m e a n w h i l e  e x p e r i m e n t s  h a v e  b e e n  c a r r i e d  o u t  t o  m e a s u r e  t h e  

a b o v e  m e n t i o n e d  q u a n t i t i e s  and t h e i r  d e p e n d e n c e  o n  o p e r a t i n g  

c o n d i t i o n s  as  t e m p e r a t u r e ,  p r e s s u r e ,  a n d  steam e x c e s s .  

2 .  E x p e r i m e n t a l  

B e r g b a u - F o r s c h u n g  GmbH o p e r a t e s  s i n c e  1 9 7 3  a s m a l l  scale p i l o t  

p l a n t  i n  w h i c h  coal or c a r b o n i z e d  c o a l  i s  g a s i f i e d  i n  a n  i n t e r -  

n a l l y  h e a t e d  f l u i d i z e d  b e d  a t  h i g h  t e m p e r a t u r e s  a n d  p r e s s u r e s  

( a p p r o x .  1 k g / h ) .  The e x p e r i m e n t a l  s e t  u p  i s  r J i v e n  i n  f i g .  2 .  

S t eam i s  r a i s e d ,  s u p e r h e a t e d  e l e c t r i c a l l y  a n d  f e d  t h r o u g h  

a g r i d  i n t o  t h e  r e a c t i o n  vo lume ,  w h e r e  a f l u i d i z e d  bed i s  main-  

t a i n e d .  . The f e e d s t o c k  i s  d o s e d  f rom a b o v e  by means  o f  a 
r o t a t i n g  p o c k e t  t y p e  v a l v e .  The c r u d e  g a s  i s  t h e n  p a s s e d  

t h r o u g h  a c y c l o n  a n d  a c e r a m i c  f i l t e r  f o r  t h e  s e p a r a t i o n  o f  

p a r t i c l e s  i s  t h e n  c o o l e d  w i t h  a i r ,  d e p r e s s u r i z e d ,  d r i e d ;  

v o l u m e t r , k a l l y  metered a n d  c o n t i n o u s l y  a n a l y z e d  by mass s p e c t r o -  

m e t e r .  

- 3 -  
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The  r e a c t i o n  vo lume  o f  t h e  g a s  g e n e r a t o r  i s  c y l i n d r i c a l l y  

s h a p e d  ( pl 100 mm, h e a t e d  he ight  4 0 0  m m ) .  The r e a c t i o n  h e a t  

n e c e s s a r y  f o r  e n d o t h e r m a l  s t e a m  g a s i f i c a t i o n  is g e n e r a t e d  by 

a n  e l e c t r i c a l l y  h e a t e d  m e t a l l i c  s p i r a l .  T h i s  so c a l l e d  i m -  

n e i g h b o r h o o d  t o  t h e  i n s u l a t i o n .  The d i a m e t e r  o f  t h e  s p i r a l  

(80 mm) c o r r e s p o n d s  to  t h e  d i s t a n c e  of t h e  h e a t  e x c h a n g i n g  

t u b e s  i n  a l a r g e  scale g a s i f i e r .  

m e r s i o n  h e a t e r  i s  moun ted  w i t h i n  t h e  f l u i d i z e d  bed i n  d i r e c t  

F i g .  3 i l l u s t r a t e s  how t h e  h e a t  t r a n s f e r  f r o m  t h e  h e a t  e x c h a n g e r  

i n t o  t h e  f l u i d i z e d  bed  is m e a s u r e d .  A t o p  view of t h e  r e a c t i o n  

volume and  t h e  h e a t  e x c h a n g e r  i s  g i v e n ,  t h e  l a t t e r o n e  

h a s  a t o t a l  s u r f a c e  a r e a  A a n d  g e n e r a t e s  a n  e lec t r ica l  power P. 

By two t h e r m u o u p l e s ,  o n e  o f  w h i c h  h a s  d i r e c t  c o n t a c t  w i t h  

t h e  h e a t  e x c h a n g e r  a n d  t h e  o t h e r  o n e  i s  moun ted  o n  h a l f  of t h e  

r a d i u s ,  a n  e f f e c t i v e  t e m p e r a t u r e  d i f f e r e n c e  c a n  b e  d e t e r m i n e d .  

The  e x p e r i m e n t s  a l r e a d y  p e r f o r m e d  h a v e  shown,  t h a t  j u s t  t h e  

t e m p e r a t u r e  a t  h a l f  t h e  r a d i u s  c a n  b e  u s e d  as f i r s t  o r d e r  

a p p r o x i m a t i o n  f o r  t hemean  t e m p e r a t u r e  of t h e  f l u i d i z e d  bed  . 
The h e a t  t r a n s f e r  c o e f f i c i e n t  a is  t h e n  c a l c u l a t e d  b y  t h e  

e q u a t i o n  g i v e n  i n  f i g .  3 :  P = a . A . ( T 1 - ~ * ) .  

The d e v i c e s  f o r  d e t e r m i n a t i o n  of h e i g h t  a n d  d e n s i t y  o f  t h e  

f l u i d i z e d  bed a r e  shown s d r m a t i c a l l y  i n  f i g .  4 .  By means of t h r e e  

p r e s s u r e  m e a s u r i n g  t u b e s , t h e  f i r s t  o f  w h i c h  i s  moun ted  d i r e c t l y  

a b o v e  t h e  g r i d , t h e  s e c o n d  180 mm a b o v e  a n d  t h e  t h i r d  i n  t h e  

f r e e b o a r d  t w o  p r e s s u r e  d i f f e r e n c e s  a r e  g i v e n .  A s  t h e  m e a s u r e d  

p r e s s u r e  d i f f e r e n c e  Apl b e l o n g s  t o  t h e  known height  h i  t h e  a c t u a l  

height  h of t h e  f l u i d i z e d  bed  c a n  b e  c a l c u l a t e d .  U s i n g  t h e n  t h e  

f o r m u l a  for  t h e  h y d r o s t a t i c  p r e s s u r e  t h e  d e n s i t y  of t h e  

f l u i d i z e d  bed follows. 
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3 .  R e s u l t s  

3 . 1 .  G a s  c o m p o s i t i o n  a n d  t h e r m o d y n a m i c  c a l c u l a t i o n s  

D u r i n g  a r u n  a n  o n - l i n e  p r o c e s s  c o m p u t e r  

c a . 1 c u l a t e s  f o r  i n s t a n c e  ( 7 1 :  

- t h e  f r e q u e n c y  o f  coal f e e d i n g ,  

- t h e  c o n t e n t  o f  t h e  gas g e n e r a t o r ,  

- t h e  a b s o l u t e  c a r b o n  c o n v e r s i o n ,  

t h e  r e l a t i v e  c a r b o n  c o n v e r s i o n ,  

- t h e  c o m p o s i t i o n  o f  t h e  d r y  p r o d u c t  g a s ,  

- t h e  steam v e l o c i t y  i n  t h e  g a s i f i e r ,  

- t h e  molar steam c a r b o n  r a t i o n  i n  t h e  g a s e o u s  p h a s e  

- t h e  steam d e c o m p o s i t i o n .  

F i g .  5 shows d a t a  c o n c e r n i n g  g a s  p r o d u c t i o n  and  g a s  c o m p o s i t i o n  

d u r i n g  t h e  f i r s t  500 m i n u t e s  Of  a r u n  a t  4 0  b a r  a n d  
750 OC w i t h  

The p a r t i c l e  s i z e s  u s e d  w e r e  .C 0 , 5  mm. The lower p a r t  of t h e  

p i c t u r e  shows t h a t  a f t e r  a b o u t  2 0 0  m i n u t e s  t h e  g a s  c o m p o s i t i o n  

h a s  b e e n  e s s e n t i a l l y  c o n s t a n t  a n d  t h e  d r y  p r o d u c t  gas c o n s i s t e d  

of  a b o u t  50 % H 2 ,  2 6  % CO,  1 6  % C 0 2  a n d  8 % C H 4 .  

c a r b o n i z e d  h i g h  v o l a t i l e  b i t u m i n o u s  coal " L e o p o l d " .  

Runs w i t h  c a r b o n i z e d  R h e n i s h  l i g n i t e  show more C o 2  

and H 2  

a l m o s t  c o m p l e t e  c o n v e r s i o n  o f  CO t o  C 0 2  w h i c h  

e x p e c t e d  f o r t h e r m o d y n a m i c  r e a s o n s  i s  t h e  r e l a t i v e l y  h i g h  amount 

of c a t a l y t i c a l l y  e f f e c t i v  s u b s t a n c e s  i n  t h e  m i n e r a l  matter o f  

R h e n i s h  l i g n i t e  w h i c h  i n c r e a s e s  t h e  r e a c t i o n  r a t e  o n  t h e  o n e  hand 

and s h i f t s  t h e  g a s  c o m p o s i t i o n  more t o w a r d  the rmodynamic  

e q u i l i b r i u m  o n  t h e  o t h e r  h a n d .  

b u t  less  CO a n d  C H 4 .  The r e a s o n  f o r  t h i s  

i s  t o  b e  
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The thermodynamics of steam gasification of coal in the 
absence of free oxygen can be aescribed by three linearly 
independent reactions, as for instance: 

C + H20 <* CO + H 2  ( 1 )  

CO + H 2 0  <- C 0 2  + H2 ( 2 )  

CO +- 3 H 2  <* CH4 + H20 ( 3 )  

The homogeneous system is determined by two linearly indepen- 

dent reactionsas for instance ( 2 )  and (3). 

Fictitious equilibrium constants can then be calculated from 
the crudegas + s  for instance for reaction ( 3 )  

and lead to fictitious equilibrium temperatures {8l.Doing 
pure thermodynamic calculations the equilibrium temperatures 
for all reactions us& and the reaction temperature coincide. 

To account for deviations from equilibrium one has to allow 
different equilibrium temperatures Q ' G .  These temperatures 2 G  

are generally not correlated with each other and do not coincide 
P with the reaction temperatureL R. The difference 

is called approach-value of the individual reaction and does 
depend implicitly on pressure, steam-carbon-ratio, feedstock 

and experimental set-up. 

The gas composition in a system at thermodynamic equilibrium 
is given by reaction temperature and pressure. At non-equilibrium 
the approach-values B r  each of the linearly independent reactions 
at operating conditions must be known additionally. This 
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knowledge  i s  now a v a i l a b l e  f o r  some coa ls  b e i n g  g a s i f i e d  i n  

o u r  s m a l l  scale  p i l o t  p l a n t  and is u s e d  n o t  o n l y  f o r  t h e  

r e p r e s e n t a t i o n  o f  t h e  e x p e r i m e n t a l  r e s u l t s ,  b u t  a l s o  f o r  t h e  

p r e d i c t i o n  o f  o p e r a t i n g  c o n d i t i o n s  i n  l a r g e  scale  g a s  g e n e r a f o r s .  

Some r e s u l t s  o f  o u r  c a l c u l a t i o n s  a re  g i v e n  i n  f i g .  6 .  F i g .  6 a  

shows t h e  C H 4 - c o n t e n t  i n  t h e  d r y  p r o d u c t  g a s  a s  a f u n c t i o n  of 

t h e  s t e a m - c a r b o n - r a t i o  a n d  t h e  r e a c t i o n  t e m p e r a t u r e .  I t  f o l l o w s  

t h a t  m e t h a n e  c o n t e n t s  of 1 5  % w i l l  b e  a c h i e v e d  a t  s t eam-ca rbon :  

r a t i o s  o f  10 and r e a c t i o n  t e m p e r a t u r e s  o f  800 OC, w h e r e a s  t h e  

m e t h a n e  c o n t e n t  d e c r e a s e s  t o  v a l u e s  smaller t h a n  1 % w i t h  h i g h e r  

s t e a m - c a r b o n - r a t i o s  a n d  h i g h e r  t e m p e r a t u r e s .  As m e t h a n e  f o r m a t i o n  

i s  s t r o n g l y  e x o t h e r m a l  t h e  o v e r a l l  s t e a m  g a s i f i c a t i o n  r e a c t i o n  

h e a t  d e c r e a s e s  w i t h  i n c r e a s i n g  m e t h a n e  c o n t e n t  i n  t h e  p r o d u c t  

gas. A c c o r d i n g  t o  f i g .  6b t h e  r e a c t i o n  h e a t  a t  low te rn! ,e ra tures  

a n d  l o w  s t e a m - c a r b o n - r a t i o s  is less than 1000 k c a l / k g  f e e d s t o c k ,  

w h e r e a s  a t  h i g h  s t e a m - c a r b o n - r a t i o s  a n d  h i g h  t e m p e r a t u r e s  i t  

a t t a i n s  a b o u t  1500 k c a l / k g  f e e d s t o c k .  I n  f i g .  6 c  d a t a  f o r  steam 
d e c o m p o s i t i o n  a re  g i v e n .  I t  f o l l o w s  t h a t  a . s t e a m  d e c o m p o s i t i o n  

o f  a b o u t  10 % and more c a n  b e  a t t a i n e d  i n  o u r  s m a l l  s ca l e  p i l o t  

p l a n t  a t  s t e a m - c a r b o n - r a t i o s  o f  10 and g a s i f i c a t i o n  t e m p e r a t u r e s  

o f  800 OC. A c o n s e r v a t i v e  e x t r a p o l a t i o n  o f  t h e s e  d a t a  f r o m  t h e  

h e i g h t  of t h e  f l u i d i z e d  bed  u s e d  h e r e  ( 4 0  c m )  t o  t h e  h e i g h t  o f  

a f l u i d i z e d  bed  i n  a commercial scale  g a s i f i e r  ( 3  m )  shows t h a t  

d e g r e e s  of steam decomposi t ion  of more t h a n  30 % c a n  be e x p e c t e d .  

3 . 2  R e a c t i o n  k i n e t i c s  a n d  m e a n  g a s i f i c a t i o n  t e m p e r a t u r e  

The r e a c t i o n  r a t e  c o n s t a n t  u s e d  h e r e  i n d i c a t e s  wha t  p e r c e n t a g e  

o f  c a r b o n  i n  t h e  s o l i d  p h a s e  i s  c o n v e r t e d  i n t o  t h e  g a s e o u s  p h a s e  

by h e t e r o g e n e o u s  r e a c t i o n s  as for i n s t a n c e  by  ( 1 ) .  T h e  r e a c t i o n  

r a t e  d e f i n e d  t h i s  way a n d  a l l  k i n e t i c  c o n s t a n t s  derived f r o m  i t  

d e p e n d  i m p l i c i t l y  o n  t h e  c o m p o s i t i o n  o f  t h e  g a s e o u s  p h a s e  d u e  t o  
t h e  c o u p l i n g  b e t w e e n  h e t e r o g e n e o u s  a n d  homogeneous r e a c t i o n s .  
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F i g .  7 shows d a t a  c o n c e r n i n g  t h e  r e a c t i o n  r a t e  c o n s t a n t s ' a t  

v a r i o u s  t e m p e r a t u r e s  u s i n g  c a r b o n i z e d  h i g h  v o l a t i l e  c o a l  

"Hagen" a s  f e e d s t o c k .  A t  t e m p e r a t u r e s  b e t w e e n  750 a n d  860  OC 

t h e  r e a c t i o n  r a t e  c o n s t a n t s  i n  t h e  f l u i d i z e d  b e d  v a r y  

be ' tween 0 , 5  a n d  4 , 2  % C/min.  I n  a l a b o r a t o r y  scale  f i x e d  bed  

d i f f e r e n t i a l  reactor s l i o h t l y  higher v a l u e s  were m e a s u r e d .  The 

f o l l o w i n g  e x p l a n a t i o n  i s  s u g g e s t e d :  I n  a d i f f e r e n t i a l  r eac to r  
t h e  c o n c e n t r a t i o n  o f  p r o d u c t  g a s  c o m p o n e n t s  i s  n e g l i g i b l e  a n d  

t h e r e f o r e  no backward  r e a c t i o n s t a k e  p l a c e .  I n  t h e  u p p e r  l a y e r s  

o f  t h e  f l u i d i z e d  b e d ,  h o w e v e r ,  h y d r o g e n  i n  t h e  r a n g e  o f  some 
p e r c e n t a g e s  is p r e s e n t .  T h e r e f o r e  t h e  r e a c t i o n  ra te  c o n s t a n t s  

from t h e  u p p e r  p a r t  o f  t h e  f l u i d i z e d  b e d  s h o u l d  b e  compared  

w i t h  c o r r e s p o n d i n g  l a b o r a t o r y  v a l u e s  u s i n g  m i x t u r e s  of steam 
a n d  h y d r o g e n  as g a s i f y i n g  a g e n t .  E x p e r i m e n t s  c a r r i e d  o u t  u n d e r  

t h i s  a s p e c t  showed t h a t  u s i n g  carbonized h i g h  v o l a t i l e  coal 

t h e  r e a c t i o n  r a t e  d e c r e a s e s  when h y d r o q e n  i s  a d d e d  { 9 ) .  

I n  a l a b o r a t o r y  scale  d i f f e r e n t i a l  reactor  t h e  q a s i f i c a t i o n  t e m -  

D e r a t u r e  c a n  b e d e t e r m i n e d  by a s i n g l e  t h e r n o c o u g 1 . e .  I n  c o n t r a s t  

t o  t h i s  a t h r e e - d i m e n s i o n a l  t e m p e r a t u r e  f i e l d  e x i s e i n  t h e  

i n t e r i o r  o f  t h e  f l u i d i z e d  b e d  r e a c t o r  u s e d  h e r e .  12 t h e r m o -  

c o u p l e s  are  u s e d  t o  d e t e r m i n e  t h i s  f i e l d  . F i q .  8 shows  t h e  

t e m p e r a t u r e  v a r i a t i o n  1 8 5  mm a b o v e  t h e  g r i d  . The  t e m p e r a t u r e  

i s  t h e  h i g h e s t  i n  t h e  n e i g h b o r h o o d  o f  t h e  e l e c t r i c a l l y  h e a t e d  

s p i r a l  a n d  d e c r e a s e s  t o w a r d s  t h e  c e n t e r  o f  t h e  f l u i d i z e d  b e d .  

The d e c r e a s e  i s  e s p e c i a l l y  marked a t  l o w  steam v e l o c i t y .  U s i n g  

p a r t i c l e  s i z e s  b e t w e e n  0 , l  and  0 , 5  nun a steam v e l o c i t y  o f  11 c m /  
sec i s  j u s t  s u f f i c i e n t  for? f l u i d i z a t i o n  w h e r e a s  t h e  f l u i d i z e d  bed  

c o l l a p s e s  a t  steam v e l o c i t i e s  o f  0 cm/sec. E x p e r i m e n t s  w i t h  

e v e n  smaller p a r t i c l e  s i z e s  showed t h a t  U s i n g  a S i e v e  

f r a c t i o n  < 0,1 mm steam v e l o c i t i e s  o f  3 cm/sec a r e  s u f f i c i e n t  

f o r  f l u i d i z a t i o n  a t  4 0  b a r .  

- 8 -  

65 



- a -  

C o n c e r n i n g  t h e  c a l c u l a t i o n  of a mean t e m p e r a t u r e  o f  t h e  f l u i d i z e d  

bed a f i r s t  a p p r o x i m a t i o n  is t h e  i n t e g r a t i o n  o f  t h e  t e m p e r a -  

t u r e  d i s t r i b u t i o n  o v e r  t h e  r e a c t i o n  vo lume .  T h u s  a g e o m e t r i c  

mean v a l u e  i s  r e c e i v e d  w h i c h  d o e s  n o t  t a k e  i n t o  a c c o u n t  t h a t  

t h e  g a s i f i c a t i o n  t e m p e r a t u r e  d e p e n d s  e x p o n e n t i o n a l l y  o n  t e m p e r a -  

t u r e  a n d  t h u s  t h e  v o l u m e  e l e m e n t s  i n  t h e  n e i g h b o r h o o d  o f  t h e  

h e a t  e x c h a n g e r  add more to t h e  g a s i f i c a t i o n  t h r o u g h p u t  t h a n  t h e  

c o l d e r  e l e m e n t s  i n  t h e  c e n t e r  o f  t h e  f l u i d i z e d  b e d .  T h e r e f o r e  

a l o g a r i t h m i c  a v e r a y i n g  h a s  t o  b e  p e r f o r m e d  f o r  w h i c h  t h e  

a c t i v a t i o n  e n e r g y  m u s t  b e  known. The  a c t i v a t i o n  e n e r g y ,  however ,  

can o n l y  b e  d e t e r m i n e d  when t h e  l o g a r i t h m i c  g a s i f i c a t i o n  t e m p e r a -  

t u r e  i s  known. T h i s  p r o b l e m  i s  s o l v e d  by  i t e r a t i o n .  

3 . 3  Heat t r a n s f e r  

The steam v e l o c i t y  d o e s  i n f l u e n c e  n o t  o n l y  t h e  h o r i z o n t a l  t e m p e r a -  

t u r e  p r o f i l e s ,  b u t  a l s o  t h e  h e a t  t r a n s f e r  f r o m  t h e  h e a t  e x c h a n g e r  

i n t o  t h e  f l u i d i z e d  b e d .  I n  f i g .  9 steam v e l o c i t y  w a n d  h e a t  

t r a n f e r  c o e f f i c i e n t  a a r e  g i v e n  d u r i n g  a n  e x p e r i m e n t  a t  4 0  b a r  

a n d  830  OC. D u r i n g  t h i s  r u n  c a r b o n i z e d  h i g h  v o l a t i l e  b i t u m i n o u s  

c o a l  " L e o p o l d "  smaller 0 , l  mm was g a s i f i e d .  The h e a t  

t r a n s f e r  c o e f f i c i e n t  a was  c a l c u l a t e d  a c c o r d i n g  t o  f i g .  3 .  

Between 7 0  a n d  2 7 0  m i n u t e s  a n d  u s i n g  a steam v e l o c i t y  of  a b o u t  

4 cm/sec  t h e  h e a t  t r a n s f e r  c o e f f i c i e n t  d e c r e a s e d  f r o m  1 2 0 0  t o  
900 kca l /m2hoC.  T h i s  c a n  b e  a t t r i b u t e d  t o  a n  e n r i c h m e n t  o f  a s h  

w i t h i n  t h e  g a s  g e n e r a t o r .  The d i v i s i o n  o f  a i n t o a r a d i a t i v e  a n d  

a c o n v e c t i v e  p a r t  s h a l l  n o t  be d i s c u s s e d  h e r e .  I n  f i g .  10 t h e  

d e p e n d a n c e  o f  t h e  h e a t  t r a n s f e r  c o e f f i c i e n t  a o n  steam v e l o c i t y  w 

i s  shown f o r  t w o  d i f f e r e n t  p a r t i c l e  s i z e s .  The s t e e p  increase  
a n d  t h e  s u b s e q u e n t  maximum i s  known [ l o ,  1 1 1 .  Our e x p e r i m e n t s  

a t  h i g h  t e m p e r a t u r e s  a n d  h i g h  p r e s s u r e s ,  h o w e v e r ,  d o  n o t  c o v e r  

t h e  r e g i o n  a t  v e r y  h i g h  steam v e l o c i t i e s  a n d  t h e  t r a n s i t i o n  b e t -  

ween f i x e d  bed  a n d  f l u i d i z e d  b e d  a t  low steam v e l o c i t i e s .  Our 
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e x p e r i m e n t s  show as  a p e c u l i a r i t y  t h a t  aMAX i s  smaller f o r  

smaller p a r t i c l e s .  T h i s  c a n  b e  by  e x p l a i n e d  by  h e a t  e x c h a n g e r  

f o w l i n g .  

3 . 4  D e n s i t y  o f  t h e  f l u i d i z e d  bed 

F i g .  1 1  shows t h e  t i m e  d e p e n d a n c e  o f  t h e  p r e s s u r e  d i f f e r e n c e s  

Ap and  Apl d u r i n g  a r u n  a t  4 0  b a r  u s i n g  carbonized 

b i t u m i n o u s  c o a l .  B o t h  p r e s s u r e  d i f f e r e n c e s  i n c r e a s e  s i m u l t a n e o u s l y  

i n  t h e  b e g i n n i n g  till 

e s s e n t i a l l y  c o n s t a n t ,  w h e r e a s  Ap i n c r e a s e s  f u r t h e r  d u e  t o  

f e e d i n g .  As s o o n  as  t h e  d e s i r e d  h e i g h t  of t h e  f l u i d i z e d  bed  i s  

h i g h  v o l a t i l e  

h e i g h t  h l  i s  r e a c h e d ,  t h a n  A p l  r e m a i n s  

a t t a i n e d  t h e  f e e d i n g  is s t o p p e d .  Then Ap d e c r e a s e s  s l o w l y  d u e  

t o  g a s i f i c a t i o n  a n d  c a r r y - o v e r .  The p r e s s u r e  d i f f e r e n c e  Ap i s  
t h u s  d i r e c t  i n f o r m a t i o n  c o n c e r n i n g  t h e  h e i g h t  o f  t h e  f l u i d i z e d  

bed and  c a n  b e  u s e d  f o r  c o n t r o l l i n g  t h e  f r e q u e n c y  o f  feeding. 

The e v a l u a t i o n  of t h e  p r e s s u r e  d i f f e r e n c e s  a c c o r d i n g  t o  t h e  

e q u a t i o n s  g i v e n  i n  f i g .  4 show t h a t  t h e  d e n s i t y  of t h e  f l u i d i z e d  

bed u s i n g  c a r b o n i z e d  h i g h  v o l a t i l e  b i t u m i n o u s  i s  i n  t h e  r a n g e  

o f  300 kg/m . 3 

4. C o n c l u s i o n  

E x p e r i m e n t s  p e r f o r m e d  i n  a s m a l l  s ca l e  p i l o t  p l a n t  are  u s e d  f o r  

t h e  d e  t e r m i n a t i o n  o f  

- h e a t s  o f  r e a c t i o n ,  

- k i n e t i c  c o n s t a n t s ,  

- h e a t  t r a n s f e r  c o e f f i c i e n t s ,  

- d e n s i t i e s  o f  t h e  f l u i d i z e d  b e d .  
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Though f u r t h e r  e x p e r i m e n t s  h a v e  t o  be p e r f o r m e d  t h e  d a t a  

a l r e a d y  e x i s t i n g  a r e  u s e d  as b a s i s  f o r  e x t e n s i v e  c o m p u t e r  

s t u d i e s  a n d  s e n s i t i v i t y  a n a l y s e s ,  w h i c h  a re  n e c e s s a r y  fo r  t h e  

d e s i g n  a n d  o p t i m i z a t i o n  o f  a f u t u r e  l a r g e  s c a l e  g a s i f i c a t i o n  

p l a n t  i n  c o m b i n a t i o n  w i t h  a h i g h  t e m p e r a t u r e  n u c l e a r  reactor.  
All r e s u l t s  r e c e i v e d  till now p r o v e  t h e  f e a s i b i l i t y  o f  steam 
g a s i f i c a t i o n  of h a r d  coa l  u s i n g  n u c l e a r  h e a t  a t a  t e m p e r a t u r e  

l e v e l  of 950  OC. 
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Heat Consumed = Heat Transferred 

q .k , . e -E/RT.y .V = h . F .  a(T,T,,Tz) ' 

9 =  
k, = 
E =  
R =  
T =  
Y =  
v :  
h =  
F =  
9 .  
TI = 
T? = 

heat of reaction 
frequency factor 
activation energy 
gas constant 
gasification temperature 
density of the fluidized bed 
volume of the fluidized bed 
overall heat transfer coef f  
heat transferr ing area 
log temperature dif ference 
helium inlet temperature 
helium outlet temperature 

Gcol/t 
l /h  
kcal/mol 
kcol/rnol OC. 

O K  

m3 
kcal/m2 h O C  

m2 
O K  

O K  

O K  

t l m 3  

Fig. 1 :  Heat balance of a n  allothermal gas generator 

to  
analysis 

immersion heater 

??I 70bar 70bar 
28S°C lOOOoC 

Fig. 2: Small sca l e  pilot plant for steam 
gasification of coal 
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P = a.A-(T1-T2) 
P a =  kcal I--- A (lj -T2) m2.h.K 

= Q R + ( L K  

Fig. 3: Determination of the heat transfcr coefficient 
from the heat exchanger into the fluidizcd bed 

I I [--i[ height of the fluidized bed 
h=h1- AP * P1 

ensity of the fluidized bed 
AP . y =  - 
h 

Fig. 4: Determination of the density of the fluidized bed 
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GASZUSAMMENSETZUNG 
50;; 1-COz 2-Hz L - C H I  5 - C O  

25 

XLEIIECbtNIYHI 
lnlm 

0 200 400 mm 

Fig. 5:  Steam gasification of carbonized h i g h  
volatile bituminous coal - gas production 
and gas composition - 

I I I I I 

Schwel koks 
Leopold 
LO bar 

Fig. 6: CH4-content in the dry product gas (a), reaction 
heat (b), and steam decomposition IC) as function 
of reaction temperature and steam carbon ratio 
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800 

Utility 
kcal/kg Koks 

Schwelkoks 
Leopold 
LO bar 

Schwel ko k s 
11,514 4,452 1,610 1,111 Leopold 

F i g .  Gb 

850 

I I I I 

LO bar 

12,037 4,738 1,679 1,141 

1 750 (11,0441 4,169 1 1.5061 1,058 1 

Fig. Gc 
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Nr Dauer Two 
h O C  

2 5 750 
3 23 800 
L 9 860 
7 18 820 

Urnsatz 
%/rnin 
0,5 (0,5) 
1,9 (I71 
4 2  (6,O) 
2 5  (2,71 

Fig. I :  C o m p a r i s o n  o f  r e a c t i o n  rate c o n s t a n t s  m e a s u r e d  
i n  a s m a l l  s c a l e  p i l o t  p l a n t  and  i n  a f i x e d  bed 
d i f f e r e n t i a l  r e a c t o r  ( 

mean ternperoture 7: 

7, = JT(r.h) Z x r d r d h  

E k = k,exp ( - - I  RT 

6 = f J k  [ T  ( r ,h ) l  Znrdrdh 

F i g .  8 :  T e m p e r a t u r e  p r o f i l e s i n  t h e  f l u i d i z e d  bed  o f  
t h e  s m a l l  s c a l e  p i l o t  p l a n t  
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kcal a k K &  
V3/. WB-Koks Leapold. ~ 0 . 1  mm 

Oruck: LO bar 
Temperatur: 8 3 O O C  

2 500' 

2000- 

W 

v 
50 100 150 200 250 300 Zelt I 0 " '  

$1 
3.05 

0.OL 

0.03 

0.02 

0.01 

in 1 

Fig. 9: Heat transfer coefficient and steam velocity 
as  a function of time during a run at 40 bar 
and 830 OC 

a 

1000 

1oc 
1 

. . ~ .  . 
chur ,. Leopold " 

. . . . . . . steam LO'bor .. _. 

t e rnpe r a t u r e 5-b 8 300 c 
x x  7 3 O O C  

' , ' i i  

10 100 
steam velocity ' I c m l s  I 

Fig. I O :  Ireat transfer coefficient as a function of 
Steam velocity using two different particle sizes 
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Ap [mmWS] 

t 
feeding I 

1 150 

height  h, I 

I 

I 
I no leeding 

I 
I 

6 1 

V35 : steam gosi f icot ion 
of char  .. Leopold '' 
a t  1 0  bor 

I -  

2 
t [hl 

F i g .  1 1 :  P r e s s u r e  d i f f e r e n c e s  w i t h i n  t h e  f l u i d i z e d  bed 
a s  a f u n c t i o n  of  t i m e  
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